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representation of the shock front become necessary, Lewis et al. (1984) have
devised a nodal discontinuity technique which accurately represents and
predicts the shock front movement.
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A DEUTERIUM-CALIBRATED GROUNDWATER FLOW MODEL OF
A REGIONAL CARBONATE-ALLUVIAL SYSTEM

STEPHEN T. KIRK* and MICHAKL K. CAMPANA**
Water Resources Cenler, Desert HRescarch Institute, F.0). Box 80220, Renu, NV $4504 (US4

(Received March 22, 1959; accepted after revision December 16, 1989

ABSTRACT

Kirk, 5.T. and Carnpana, M.E., 1990. A deuterium-calibrated groundwater flow medel of a regional
" cerbonate-alluvial system. J. Hydrol., 119: 357-388.

The White River Flow System {WRFS), a regional carbonate-alluvial groundwater system in
southeastern Nevada, U.S.A., contains large amounts of water in storage, especially in the
underlying carbonate reservoir, As the population of Nevada grows, it may become necessary to
tap the resources of this and other regional carbonate systems. Because of the depth to the
carbonate reservoir and, until now, lack of motivation to collect detailed hydrogeological data on
it, the state of knowledge of flow in the carbonate system is poor, However, a simple mixing-cell
flow model of the WRFS can be constructed and calibrated with the spatial distribution of the
stable isotope deuterium. This type of model subdivides the system inte carbunate and alluvial ceils
and routes water and deuterium through the entire cell network. It provides estimates of recharge
rates, groundwater ages and volumes of water in storage. Transience in recharge rates and their
deuterium signatures are unaccounted for by the model.

The lack of constraints on the system mandates the calibration of three different fow scenarios,
each of which differs slightly from the other. Despite these differences, some consistent quantita-
tiveresults are obtained. Foremost among these are: (1} the ¥ > 2L ay contain as much
88752 km® of water in storage; (2) recharge from the Sheep. mwnmm to. ocwcnm .wwzmw Valley iz.at least

90% greater than. previously believed; (3) Lower Meadow Valley is part of the WRFS and contri-

“butes undérfiow to Upper Moapa Valley; (4) underflow.with an average value of 0, J163m’s~! flows

westward out of the system along the _u&x.m?wmmﬁ Shear Zone; (5) recharge to the aliuvial system

. iggreater thati tHat to the carbonate system; (6) greundwater mean ages range from 1600 to 34 000

years, with the oldest waters exceeding 100000 years old. The results alse demonstrate that
deuteritum can be used to calibrate simple flow medels and provide groundwater ages.

Despite the uncertainties and lack of constraints in mixing-cell models, they provide first
appraximations to information which, until now, has been difficult, if not impossible, to obtain.
These models are especially useful for analyzing sparse-data systems, testing different flow
hypotheses with minimal effort, providing ranges in parameter estimates, guiding future data
collection and serving as precursors for the development of more sophisticated models.
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**Present address: Department of Geology, University of New Mexico, Albuguergue, NM 87131,
U.S.A.
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. Long-term water WE...E% needs in southern and eastern Nevada, U.S.A., have’
waﬁ&mm Hunmwmmn 5 xe 55& nmawoz te m W m%m_.s.mEm i&:w ﬁrm wm_moNo-o.

| —
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Uppar Ionmn Valloy

Fig. 1. Location of the White River Flow System.
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who used a water-budget approach to delineate the system boundaries. Because
of the areal extent of this flow system (20000 km?), sparse data, and uncertain-
ties in the hydrogeological parameters (saturated thicknesses, porosities, and
recharge:volumes), it is difficult to use a conventional Aow model to obtain
pcmhﬁﬁmﬁé estimates of the system’s properties. However, a simple mixing-
cell model, which requires fawer: data, can yield estimates of storage volumes,
groundwater. residence times, and recharge rates. The application and hydro-
logical implications of such & model vis-3-vis the WRFS are the subject of this
Edmmsmmﬂou. :

As originally defined by m&ﬂs {1966), the WRFS includes thirteen topo-
graphic basins and extends 400 km from north to south, encompassing an area
of > 18000 km® Eakin’s original flow system excluded Lower Meadow Valley,
which is included in our model. The land surface slopes to the south, with
valley floor elevations decreasing from 1700 m above mean sea level {msl) in the
north to 550 m above msl in the vieinity of Muddy River Springs, the distal end
of the system. In the northern part of the study area, the crests of the mountain
ranges commonly exceed 2400 m in elevation and locally exceed 3000 m. In the
southern part, mountain crests exceed 2400 m only leccally and generally are
< 2100m above msl.

The objectives of this study were to:

(1) simulate flow in a large regicnal aquifer system using a simple mixing-
cell modgl calibrated with the environmental stable isotape deuterium;

- (2) use this model to estimate the aguifer system’s storage volume, average
mussm; recharge rates and flow distributions:

(3} document the ability of the stable isctope-calibrated model to estimate
groundwater age distributions.

These objectives will be accomplished by use of three different fiow
scenarios, each of which may be feasible, given the lack of detailed hydraulic
and hydrologic information on the WRFS.

GEOLOGY

The regional geology of the WRFS is dominated by Basin and Range horst
and graben structure, formed by high-angle normal faults, oriented north—
south. The intermontane basins (grabens) have been m::: th alluvium
eroded from the moort o ks 3,577_ AR
groundwater flow. T '

Exposed rocks in the & U
Triassic igneous, metamorphic, and sedimentary rocks: Cenouole se
rocks; and Cenozoic veleanic rocks. Paleozojc rocks belong to the car
eastern assembiages which were formed in shallow marine. intertidal,
supertidal depositional environments {(Stewart, 1980).

Mesozoic sedimentary rocks were eroded during the period from the late
Triassic uplift to lIate Jurassic or Cretaceous thrust faulting. Throughout the
Tertiary, a huge outpouring (perhaps 1000 km®) of voleanic material securred.
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H,w@mm Tertiary <o~nmEn rocks, Hmummq ‘tiiffs, are ﬁammoagmssw mNUOmmm in E.E
southern rm:. of the ﬁwm_m Voleanism was mo:oﬂmm by late Cenozoic Basin and

1970): § o
The mmoﬂomﬂnmy mSCQE.m om Sum umm:E was s formed _uw compression &E.Em the
Mesozoic—early Tertiary Sevier Orogeny, mﬂm extension during-the. Miccene—.
Holocene, Normal faults ;s.»miwsm valleys of the WRFS can serve as aréeas of
spring discharge: The “WRES is- divided" by a’ regional EUmmBmH; the

Farretiralet 2 Wt

_Pahranagat Shear Zone..composed of 8 seties of parailel ncanvmmmnlmoﬁrﬁmm

ey e i, bt S

trending strike-slip faults. szm zone, exposed’in the Pahranagat Range, which

m@ rms the.western boundary of Pahranagat:Valley..is:composed of distinct

i st s,.. S BT e e T A T

parallel faults: the Arrowhead Mine, Buckhorn,and the Maynard Lake Faults.

m.%mm.rmmmm.wﬂ}m,wwnrﬂmmﬁ trending lineaments’ m\«m also been mapped in the Arrow:

Canyon Range at the southern end of the WRFS and identified as deep-seated -

structural anomalies which serve as ncEwEﬁm for regional groundwater flow
{(McBeth, 1986).

HYDROGEOLOGY
Hydrostratigraphy

Three distinct hydrostratigraphic units occur in the WRFS: (1) Paleozoic
carbonates; (2) Tertiary volcanics; (3) Tertiary and Quaternary valley m:
map of these rock types is shown in Fig. 2.

Large quantities of groundwater are known to flow through the Paleozoic
carhonate rocks in eastern Nevada (Eakin,.1966). Transmissive properties of
the Paleozoic carbonates are facilitated by secondary porosity as a result of
faults, joints, fractures and sclution channels (Hess and Mifflin, 1978). Locally,
the stratigraphic section of the Paleozoic carbonates exceeds 9000 m (Kellog,
1968). Within these Paleozoic rocks are low-permeability clastic rocks,
primarily quartzite and shale, which act as aquitards. Knowledge of the total
thickness of the transmissive section of the Paleozoic carbonates and corre-
sponding effective porosity is %mmnﬁ:.. to oE“mE Umomcmm of the paucity of deep
borehole data.

Tertiary volcanics are extensive in thi nmm.uob..e?m primary porosity of these

e as a result of joints and fractures.
tes wwaj<&~mw

rocks is low but secondary moHcmHQJmEmwm,..

it e A TP 2%t

In an%ﬁ_momm Hmu.ﬂmd« <c_nmd~nm lie between Paleozoic car

Tt

AR T T

.<m:ﬁ< A1l alluvium was deposited in the north-south ﬁ.md%um mﬂmvmmm and

il e

is composed of fitie e ErAlel TaGUBTERe oF plave deposity oy Quater
gatid, silts and clay Taid doWh i &tfean charitiels; alluy

ironments: Unconsolidated sand aid | gravel deposits of ¢ zﬁmma valley-
and allUvial fans are capable of tFansmitting water freely (Eakin, 1966),
“Thicknesses of valley-fill deposits vary greatly. In Coyote Spring Valley the
average thickness of the valley fill is 100m, whereas in Dry Lake Valley the
estimated maximum thickness, based on gravity surveys, is 3000 m.

el
fil]

s and playa’

[ vatey Fin
ﬁ Volcanic Rocks
. FPaleozoic Rocks

Uppor Moope Volley
Fig. 2 Hydrostratigraphic units in the White River Flow Syvstem.
Grounduwater

The occurrence of groundwater in the WRIS is gene
three hydrostratigraphic units previously defined
groundwater in the WRFS was originally pr 8 3. who based
his conceptual morlal e 213 relative - nr rock
groups; {2) regional movement of mﬁocE_ﬂmws. as :%C,HQ_ from hydraulic
gradients; (3) relative distribution and quantities of estimated recharge and
discharge; (4) chemical quality of water discharged from major springs. Flow

v confined to the
I movement of

i
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paths defined by Eakin are shown in Fig. 3; arrows indicate the mmsmumu )

direction of groundwater flow. e

In defining the boundaries of the WRFS, Eakin assumed that: (1) the. .

mountain bedrock is virtually impermeable and lateral movement Om. water
conforms to the general slope of the surface topography; (2) topographic axes
of mountain ranges are coincident with structural trends SE&.__ act as _umﬁ.ﬂmwm
to groundwater flow; (3) groundwater divides are coincident with topographic

26 60 km

Upper Moape Valley

Fig, 3. Flow paths in the White w?ms.ﬂos_ mwmnm:.._ ,mnacn&ﬂm to Eakin {1966).
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divides. The first and last assumptions can be in error for certain instances
where hydraulic gradients in a regional aquifer are not coincident with those
in the overlying alluvial aguifer and with the gradient of the topography.
However, given the paucity of hydreologic data available to Eakin, his
assumptions were reasonable. Horizontai hydraulic gradients were obtained
from water levels in alluvial weils and springs. Eakin assumed that hydraulic
gradients in the regional aquifer were somewhat less thun in the overlying
alluvial aquifer. Estimuatss of recharge volumes were ohtained with the Maxey-
Esakin method of rocharge estimation {Maxey and Fakin. 1¢

Discharge from the WREFS occurs principally as spring discharge. Major
spring discharge occurs in three arens: (1) White River Valley, where
discharges of ~0.861 m"s ™! of warm water (> 20°C) and ~ 0.545m%s ! of cold
water occur; (2) Pahranagat Valley, where a discharge of ~ 0.9
water occurs; VUddy River Sprinips i~ Upper Moapa v,
dischaife of ~1.408m*s "' of warm water cccurs. Mery little variation in
discharge has been noted for these springs. Evaporation of discharge froin
“Pakianiagat Valley springs dedirs prindipally from Pahranagat and Maynard
Lakes.

Discharge of groundwater by evapotranspiration {(ET) in valleys not
associated with regional springs is ~ 0196 m*s ' and oeeurs principally in
Long (0.086m"= ), Garden (0.078m’s oand Cave g g b Valleys
(Eakin, 1966). Evapotranspiration estimates ure congid approxima-
tions. This study has ted the ET estimites of Eakin a5 the more rigorous
approach of phrentop c mapping was bevond the seope oi Lhis study.

Winograd and Friedman (1972) postulate _several changes to Eakin's

conceptual :uo‘m_..m_ and questioned the validity of a water-budget-based model in
light of environmental jegtopic dal
gignificant und

o~

: s I Pahranagdt Valley and
{ variation of detérium recharge concentra-

W e
Welch and Thomas (1984) proposed other modifications to Eakin's model of
the system. NmmcFm ﬁm Emmm._um.ﬁmwom omu.mﬁwﬁoum using deuterium isotope data

oyt S
and rechar, 11 o

O Sro i =

major discharge in the Qrﬂnm River and Pahranagat Valleys.

T Othise st buLions to hydrologic data of the WRES have been made by
Eakin (1962;:1963=, b, 1964), Mifflin (1968), and Mifflin and Hess (1979). Poten-
tiometric mapping of the region.by. Thomags -et.al. (1985) has resulted in the

] wwmmmﬁmwﬂom bow..m:www.ﬁmﬁ. b.opm the flow system, a MEH.UW that hydraulic
gradients-in the alluvium are ‘$imils ; onderlying carbonate

estimaiesreveal greatly reduced flow past areas of

quifer

AL e
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DISCRETE-STATE COMPARTMENT MCDEL

A &mnnonm.mwmﬂm compartment {DSC) model (Simpson and Duckstein, 1976)

was used to simulate flow in the WRFS. The DSC code was developed by
Campana (1975) and applied to the Tucson Basin by Campana and Simpson
(1984), and the Edwards aquifer by Omgﬁwbm and Mahin (195835). ‘

. Discrate-state . compartment models are nothing more than- mowwaﬁomﬂmm .

mixing-cell models, which represent the.given hydrogeological system as a

network of interconnected cells, through which water.and dissolved materials

are transported. A recursive form of the conservation of mass equation governs

the transport of water and dissolved matter.. For any given cell, the basic

equation of the Umo maodel is (Simpson and Dyckstein, 1976) ,
/o

SWV) = SN =1) + [BRV(N) x mwoﬁzz.r.mﬁwcﬁzv x BDCQ] (1)

where: S(N) is the cell state at iteration N, Sum mass or amount of tracer in: Sum..
cell; BRV({N) is the boundary recharge <oucbpm at iteration N, the input volume-
of water to the cell;xBRC(V) is,the -boundary. recharge concentration at’

iteration N, the input. concentration. of 'tracer;. BDV(N) is the boundary
discharee volumejdt iteration N, the output volume of water from the. cell;
BUs w0 <he _uoﬁnmm&\ %mormamm nomnmﬂﬁmSob...me Hﬂmwwﬁou N, Epm ossuﬁ..
concentration of tracer.. ;

.The tracer oosnmsnumﬁcu in SE émnmﬂ._bu in _..Em nmmm, _Em mmﬁﬁmEEs valu

of the recharge'water, entering a boundary: cell from outside the. model’ 5
boundaries, is. referred..to as a. system boundary recharge concentration
(SBRC). The volume of recharge water entering a boundary cell is womoﬁ.mm to-

as a system vozdmmd. recharge volume (SBRV).. -
. :Equation. (1) is applied successively. to. gach cell in the network %:.Em a
given iteration. As a result, boundary discharge volumes and concentrations

from ‘upstream’ cells become boundary recharge volumes and concentrations

to.'downstream’ cells. The BDC(V) term is the only unknown on the right side

ofeq: (1). Its value canbe ascertained v% mm.mnpmﬁum one of two mixing rules: the:

simple mixing. cell (SMCY.rule or the modified mixing cell (MMC) rule.-The
former rule simulates pexfect mixing ; S:&E a:cell; and the latter imitates some
middle muonum wmaémms vmummoﬁ E:E_m and pure Emﬁos flow. For the: mgo

wuﬁz mmﬁz - c + [BRV(N) x' mmogu__?ow + mwﬁzz

where VOL is the volume of water E ﬂ& nm:
For the MMC ,

BDO(N) = SV = 1)/VOL

@

"The MMC mvvuomnvmm pure piston’ moi as aum ww< m@vﬂomormm <OH._ E&
muvaomovmm perféct mixing as the BRV mﬁwuomn?mm zero. This study used woﬁ_
options. As the model approached calibration, the model-derived mmnﬁmnEE
values were &Eoﬁ.amus.u& for both SMC and ggo options.

‘ ”.@.
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Each cell in the DSC model depicts a region of the hydrogeological system;
regions are differentiated based upon their hydrogeclogical uniformity and the
availability of the data. Variability within the system is “huted between
cells. Cells can be of any desired size and can be arranged a2 one., two-, or
three-dimensional configuration,

Discrete-state compartment models permit the user to speciiy tiwe How paths
between cells and the discharge from the system. To do so requires an initial
estimate of the Aow system, such that an iritial set of specifications can be
established. During the calibration process, these parameters are adjusted by
the modeler to obtain agreement between the simulated and observed tracer
concentrations.

DEUTERIUM AS A GROUNDWATER TRACER

The stable isotope deuterium (I or D) was chosen as the tracer in the DSC
model. Deuterium is a useful groundwater tracer because it: (1) is part of the
water molecule; (2) does not decay with time; (3) is not removed from water by
exchange processes during movement through most aquifer materials; (4) ex-
periences no hydrodynamic dispersion. The deuterium content of precipitation
varies with latitude and elevation. Variations are caused principally by the
history of isotopic fractionation that occurred during changes of state of water
between vapor, liquid, and solid. These variations serve to ‘fingerprint’ water
masses, which is reflected by the mﬁmﬂ& distribution of deuterium in concentra-
tions in groundwater. =

The measurement of mmz».mEEu content is made with a mass spectrometer.
As absolute quantities of stable isotopes are difficult to measure, the isotopes
of hydrogen are measured as the ratio between the element’s heavy and light
isotopic species. The relative permil (%o, i.e. parts per thousand) deviation of
the sample isotopic ratio from that of the standard is defined as

8 = 1000[(D/H )iemgte — (DVH huvwnctara DT H Dsangoca = 10008y — 1) 4

where m.a. is the ratio between the heavy to light isotope ratic of the sample to
that of the standard. A depletion of heavy isotopes in the sample, measured

%@mmﬁ&on to the standard, corresponds to a negative 1 value. “The abbrevia-
tion is usually understood to represent permil units. In this study, the standard
is Vienna Standard Mean Ocean Water (V-SMOW).

In using deuterium as a groundwater tracer, the following assumptions are
implicit: (1) recharge waters can be assigned a characteristic deuterium value;
{2) the deuterium signature of recharge is a function of the geographic lecation
(latitude, elevation, distance from the ocean, and temperature); (3) deuterium
is a conservative tracer. With regard to the first two assumptions, deuterium
samples from high-altitude springs were assumed to be representative of
recharge waters from a given mountain range. The third assumption is critical
to the successful use of deuterium as a groundwater tracer. This assumption
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erm heinvalid if fractionation or isotopic exchange has occurred subsequent to.
recharge. E»rommr exchange:of deuterium may.occur-in some hydrogen-bear:
ing clays, it is'not considered a significant process in this system, co :

The question of the time invariance of deuterium signatures of the nmormumm.
water and the recharge rate itself is a valid one. Paleoclimatically induced”
shifts in each.quantity have no doubt occurred in.the past. With the exception
of. preliminary, work by, Winograd et al..(1985), which dealt «Ssu waters older
than the m_.oﬁnmﬁmﬁmwm in the WRFS, nio quantitative E<mm9mmroﬂm have.been
undertaken to.determine. these paleoclimatically- induced shifts in eastern

. Nevada. Claassen,{1983) interpreted the distribution of &D plotted .againgt

- MC.derived ages as-an indication of a deviation from the mean annual‘t
perature, Mifflin’and Wheat (1979) estimated; based on Pleistocene lake level
in the Great Basin, a‘mean annual mmﬁ_um.umgum decrease of 5°C and a mean
annual ﬁwmnwu:mﬁos crease of ~68% m&aﬁm the lacustrine oEmommm These
studies msmmmma..gmmpzm ﬁmumoorﬂmﬂnmzm induced shifts in both deuterium
signatures and recharge rates. As quantitative shift data are lacking, the model
described herein‘assumed ﬂEm.HEEEREu H.mougmwmm rates and mmﬁmﬁg E
signatures.. ’

Seventy-four deuterium values were used in »..Em mﬁz&a 34 of which were :mom
for SBRC (recharge signature) determination and the remainder for calibra:
tion.' Of the:fotal, 25 samples were collected and analyzed by the Desert-
Research Institute (DRI). Eighteen'of the DRI samples were collected in'duné
1986 as a part-of-this'study. The-remaining data were selected from the United
States Geological Survey (USGS) data base in Reston, VA. erm ooBEmnm mmﬁm:

mc:..m omz wm ».9.8& :H Nﬁw msm Omgﬁmbm.ﬁmmmv...

Scenario'1 divides the WRFS into 22 cells (Fig. 4), composed of two tiers.
Alluvial (tier 1) and carbonate (tier 2) aquifers were specified for Jakes, White
River, Cave, Coal/Garden, Dry Lake, and Delamar Valleys. Alluvial agquifers

were not specified for Pahroe, mmrwmzmmmﬁ Coyote Spring, Kane Spiings,

H@imw gmmmoi mzm dEemH. gomum <m:mvﬁ vmnmcmm ow..nvm relatively, wEmz

Tier 2. 2000
Garbonate Aquifer
3

Tiar 1.

S\ Alluvial Aquifer

1600

12800

Umawmrowgmvﬁ. OF THE Emﬁm RIVER m.rOE. mﬁmﬂwz DSC MODEL

3_05 scenarios

Because of the dearth of data on the WRFS, the uncertainties in the informa-

tion available (saturated thicknesses, recharge volumes, effective porosities,
etc.} and the large-number of degrees of freedom in the DSC model, three
different flow scenarios were simulated. This approach leads to estimates of the
range in a certaid parameter (e.g. volume of storage in the carbonate aquifer)
as opposed to a single value. Although a large number of Bow scenarios could
be specified, the three selected were designed to address the following aspects
of the WRFS: (1) the differences in deuterium concentration hetween the
Pahranagat Valley springs (average: —108%) and the carbonate wells in
Coyote Spring Valley (average: — 101%0); (2) the differences in deuterium con- _|Irl}m~o wm
centration between the carbonate wells of Coyote Spring Valley and Muddy ;
River Bprings { — 98%); {3) distribution of groundwater flow in the White River
Valley; (4) existence of underflow.from Long Valley into Jakes Valley. Each
scenario consists of an overlying alluvial aquifer (tier 1) and an underlying Fig. 4. Cel} configuration for WRFS Scenario L Large numbers adjarent to cells are water mean
carbonate aquifer (tier 2). . ages (years).

it
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volume of the alluvial aquifers campared with the carbonate aguifers in these:
" "basins and the lack.of 1sotope data. Long Valley has been excluded and Lowe
‘Weddow Valley included  the ‘WRFS based on ‘potentiometric mapping; by
Thomas et al. (1985):and:a reconnaissancereport by Rush (1964): The -area,
‘extent of each cell:éoincided with exposed alluvium'in each of the hydrograp
ic basins, based upon available geological maps. ) Tt
. Beenario 2 divides'the WRFS into 20 cells (Fig. 5). Preston Springs'in

‘ D 2800
Tier 2. -

nm“q._oo_.._.mﬁm Agquifer

Tier 1.
Alluvial Aquifer

1600

5100

18000

% 26000
1000

a 28 50 km

Fig. 5. Cell configuration for WRFS Scenario 2. rmﬂmm. numbers adjacent to cells are

water mean
ages (years).

DEUTERIUM-CALIBRATED GROUNDAWATER FLOW MODEL

northwestern White River Valley is included in carbonate Cell 2 (Jakes Valley)
with the remainder of White River Valley composed of four cells, as apposed to
six cells in'scenario 1. In addition, Scenario 2 adopts different intercellular fiow
paths and SBRV and SBRC values.

Scenario 3 introduces underflow from the Long Valley carbonate aquifer
into the carbonate aquifer of Jakes Valley (Fig. 8). The amount of underflow is

9500

Tier 2. Tier 1.
4800

Carbonate Aguifer Alluvial Aquifer

3
1800

2900

| .
7EOG ¢

13500

Fig. 8. Cell confipura
ages {years).

niean
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small (20%) relative to the total volume of recharge estimated for Long Valley.
Eakin's (1966) original model of the WRFS included Long Valley in the system:
Although recent potentiometric mapping in the aliuvial aquifer by Thomas et
al. (1985} concluded that Long Valley is not part of the system, this does not:

preclude the possibility that the carbonate aquifer of Long Valley contributes -

to regional flow in the WRFS. Other than: :EEmEs of Long <m:mw. scenario:
3 is similar to seenario 1.

Cell volumes e

Thicknesses of the Paleozoic carbonates exceed 9000 m locally in the WRES.
Estimates of the thicknesses of the carbonate and alluvial aquifers are difficult
because of lack of deep borehole data, althoygh some geophysical data were
available. We assumed thicknesses of 3050 m, for the carbonate cells and 610m

et e I i o

for the alluvial cells, Effective ﬁowOEmMmSmo the carbonate. mn& m:sSE

A P A e i e i i A ol o A T e

maEwme were assu sma[m._ he § and 15% :M.mmvmoﬂa.m@ These cell volumes-

@Sm % thickness x porosity) for all scenarios are listed in Table 1; carbonate .

TABLE 1

Cell volumes for Scenarios 1, $and 3

Cell no. Seenario 1 Scenario 2 Scenario 3
(10°m®) (10°m®} (10°m®)

1 38.297 38,297 53,839%
2 38.207* 38,207* 38.207
3 53.931%  136.468 38.297*
4 63.931* 136.468* 63.931
5 19.198 19.198 63.931%
6 72.850% 24.044 19.198
7 {72650 . 107.912- 72.560*
8 24044 . o 107.912F 72.550°
9 107.912 o 48.937 . - 24,044
10 107.912* _— 40987+ . . -107.912
11 49.937 T pa452% 107.912*"
127 49,937+ .. eniee )
12 52.452% : ©18.865* -

14 97.160 ) ! © 47421

15 18.865* L sIBBEE s

16 47421 TV

1 ~"{8.865% 86.261*

18 “BAB0T* 97.160*

19 B.5B1* 47.420*

20 97.160* 0.543*

21 47.421*

22 0.543%

23

Totals C 1209451 o 1200.302-

* Carbonate cell,

DEUTERIUM-CALIBRATE 300 ° PO AN

cells are designated by an astevisk, a convention that will be uswl throughout
this paper. We feel that these cell volumes are reasonable given the few data,
and represent ‘average’ values. Should more detailed information become
available, it can be easily incorporated into the model. It should be noled that
the cell volume equals the volume of water in a given cell.

System boundary recharge volumes

The SBRYV estimate for each boundary cell was based initially on recharge
estimates caleulated by the Maxey-Eakin method of recharge estimation.
Table 2 shows the calibrated SBRV for each cell used in the three scenarios;
Table 3 shows the recharge estimates on a hydrographic basin basis for each
scenario and the corresponding estimate from Eakin (19663 The amount of
recharge assigned to the carbonate cells is speculative, as virtually no quan-’
titative estimates of mountain block recharge have been reported in the
literature.

System boundary recharge concentrations

Each SBRV in the mode! is assigned a characteristic isotopic signature or
system boundary recharge concentration. Table 4 shows the estimated SBRC

TABLE 2
Calibrated system houndary e 102 ol
Cell na. Scenario 3
{m's"h)
1 0.626 0.430 0.196*
2 0.274* 0.391* 0.430
3 0.196 0.235 0.274*
4 0.156* 0.430* 0.196
5 £.381 0.391 0.196*
] 0.156* 0.313 0.391
7 0117 0.274 0.156*
8 0.313 0.156™ 0.117
9 - 0.274 0.313 1.313
10 . 0.156* 0.235% 0.2714
11 0.274 0.078% 0.156*
12 ) 0.156* 0.196 0214
13 0.078* 0.03¢* 0.156*
14 0,293 0.05% 0.078*
15 . 0.039*% 0,313* 0.293
% . : 0.078 0.059* 0.039%
17 ' 0.176* 0.235* 0.078
18 o 0.059* - 0.176*
19 0.196* - 0.059*
20 : P — — 0.196*

* Carbonate cell.
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TABLE 3

Recharge to WRFS hydrographic basins

B.T. KIRK AND M.E. CAMPAN,

Hydrographic Bakin (1966) Scenaric'l Seenaric 2 Seenario 3
basin (m¥s™Y) {m®s™1) (ms~Y) (ms™1)
Long Valley 0391 —_— — 0.196
Jakes Valley T 0.665 0.900 0.822 " 0.704
i?ﬁi@:&ﬂ Valley w1448 1.36%
“CoaljGarden Valleys 703 0,430
Cave Valley .oy 0548 430
Pahroc Valley i {086 4.078
Dry Lake Valley . . . 019 0.203.
Kane Springs Valley — 0.039
Delamar Valley - 0.039 0.078
m..prww..m Pwmmbmw c 0.0 0.059
«Chote Spring Valley ~ -+ 0.102 0,196
Lower Meadow Valley . 0.313*% 0.176
Totals T 4957 4.049

* From Rush (1964),

TABLE 4

System boundary recharge concentrations -

Cell .- Scenario '} Scenario 2
: (%0 5D) {%e.0D)
1 —124.0° —1240
2 - 124.0% —124.0* -
3 —113.0 -112.0
4 - 113.0% —~112.0%
5 ~113.0 ~1130
6 —110,5% . —104.0
7 —110.5 - 104.0
g8 —104.077 Z104.0%
9, -103.0.. —1024
. © —103.0% —102.0% "
1F R -102,0 T~ 100.0%
12 . ~102.0* —-97.0
13 - —100.0% —B7.0*
14 —86.0 - 870
15 — 87.0* - B9.0%
18 —-870 —80.0%
17 —88.0% - 93.0%
18 -89.0% —
19 —~D3.0% —
20 — —

*Carbonate cell,
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inputs for all cells in the three scenarios. The SBRC for each cell receiving
recharge was based on deuterium samples from high-altitude springs. We
assumed that avernging douterium values from high- .::::r, springs of u given
mountain range yiclded a rage deuterium s swaters. In
the case of Lower X ;,m_br(m.._vtmbm% an aver ﬁm,.m_.m.:no i v :::_ hasod :u@b&\
[botopE datifroni wells i the valley wad Gsud for LUy crage value
A.meo,m_ mUv,%wWmeﬁ?mm ﬂ.o._,mvw.mmmsnﬁmm ‘Eog?n mwm_J_m_..c cw ::ﬂ:: moi

“from hoémw Meadow s jmm..i.mo..,Qmmmw:ﬁmem .<
o i

m.hoE &mmmﬂmo:&o:m

During calibration, flow distributions ameng cells were adjusted to obtain
agreement with observed 6D values. Intercellular flow paths are shown in Figs.
7-8,

We assumed that virtually all groundwater in the alluvial aguifer flows into
the underlying carbonate aquifer in Jakes, Cave, Coal/Garden, Dry Lake, and
Delamar Valleys. Scenario 1 assumes downward fiow in the southern portion
of the White River Valley, whereas Scenario 2 assumes a net upward flow from
the carbonates to the alluvium. These assumptions depend on whether we
divide the western halif of White River Valley into four cells (Scenario 1) or two
cells (Scenarig 2),

System boundary discharge volumes

System boundary discharge volumes (SBDV) in the form of springflow, ET,
or underflow out of the system for Scenarios 1, 2 and 3 are listed in Table 5.
Underflow out of the system, which is determined by calibration, is included in
the SBDV. Underflow out of the system occurs onty in Pahranagat and Upper
Moapa <m:mwm. Springflow from the carbonate aquifers is relatively congtant.

.H_Wmm%mﬁmﬁumgmﬁmm% state, Hm. ﬁow@gc@ormamm |_n.oﬁm; Hmnrm..nmm

Takin (19687 Sstimated 0.078ms - of ET in Qmammn Valley {Cell 9, Scenario
1) and assumed that in valieys where regional springs discharge, nearly ail
discharged water is subsequently consumed by ET; Eakin considered ET to be
minor in all other valleys. This agsumption may be in error, but is adepted for
this regional analysis. In lieu of phreatophyte mapping in the study area,
Eakin’s (1966) estimates were used. Discharge from the system because of
pumping was not considered, owing to the relatively short duration of pumping
(40 years) compared with the age of the water in the flow system.

RESULTS AND DISCUSSION
Calibration

Calibration was accomplished by trial and error. The intercellular flow
distributions and recharge rates were adjusted to achieve calibration, with the



Fig. 7. Flow distributions for WRFS Scenario 1.

former subject to more adjustment than the latter. The model was run until Fig. & Flow distributions lor WRFS Scenario 2.

caleulated deuterium values did not change to the first decimal place. Boththe..
real-world system and its model representation are assumed to be in steady
state with respect to deuterium values. Calibration was achieved when the
model-derived deuterium value agreed to within 2% with the observed
deuterium value which had been assigned to a given cell, In some instances
there was a trade-off and calibration within 2.5%. was the best fit attained.

Calibration results were previously given in Tables 2 (SBRV or recharge
rates to the model boundaries), 3 (recharge rates to hydrographic basins) and
5 (S8BDV or discharge rates across the model boundaries). Table 6 shows the
observed and caleulated deuterium values, and Tables 7 and & show parameter
ranges for the carbonate and alluvial systems, respectively,
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Fig. 9. Flow distributions for WRFS Scenario 3.

Differences among Scenarios 1, 2 and 3

Scenario 1 was calibrated by: (1) diverting 0.172m*s ™" from the system (west
from Cell 18%) zlong the Pahranagat Shear Zoné; (2) specifying 0.196 m’s™ of
recharge from the Sheep Range to Coyote:Spring Valley (Cell 19*); (3)
including 0.176 m*s~* of underfiow from Lower Meadow Valley (Cell 17%).into

ot s hu R e R sk L N

~Ypper Moapa Valley (Cell 227, (4) increasing recharge to Dry Lake Valley to

TSN .

st S
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TABLE §

Calibrated system boundary discharge volumes

Cell Scenario 1 Scenario 2 Scenaric 3
no, (m®s™1) (m®s') (m¥s™)

4 0.446* 0.863* —

5 : 0.200 0.198 0.448*

] 0.436% 0.3356 0.200

7 — . 0.052 0437

8 0.340 — —

9 0.077 — 0.340

10 — —_— 0.077

16 — 1.068* —-

18 1.148* — —

18 — — 1.131*

20 — 1.634* -

22 1.401* — —

23 — — 1.420%

* Carbonate cell

0.203m%s™!, 50% more than the Maxey-kakim estimate: (30 i 1z the

3

recharge to Delamar Valley from 0.039 to 0.078m%s ;. (6) allowing most
{0.345 m®s~!) of the combined groundwater flow from Dry Lake and Delamar
Valleys to discharge at Coyote Spring (Cell 19%).

The following were required to calibrate Scenario 2: (1) dividing the western
half of White River Valley into two cells, 3 and 4%, with upward vertical
hydraulie gradients from Cell 4* to Cell 8; (2) allewing discharge from alluvial
Cell 3 to the carbonate cell of Pahroc Valley (13%): (3) specifving that underflow
from Cell 4* ta Cell 8* of Cozl/Garden Valleys is ~ 24% of the corresponding
flow distribution in Scenaric 1 (0.047 and 0.192m"s™ !, respectively); (4) dis-
charging 0.145m®s ™' from the system along the Pahranagat Shear Zone; (5)
permitting groundwater flow of 0.188m°s™" from Delamar Valley to Coyote
Spring Valley (as opposed to the 0.345m’s™' adopted in Scenaria 1); (6)
specifying 0.285m’s ' of recharge from the Sheep Range to Coyote Spring
Valley (Cell 17%); (7} allowing 0.313m"s ™" of groundwater to flow from Lower
Meadow Valley (Cell 15%) into Upper Moapa <Mwmwnﬁum__im.mmw.;mwlﬂ,mm,ﬂmmm‘mmm
SOTTTETE T o ThE System a8 underfiow from Upper Moapa Valley into
Moapa Valley. Scenario 2 represents the maximum amounts of recharge from
the Sheep Range and underfiow from Lower Meadow Valley.

Secenario 3 used the calibrated inputs of Sconario 1, together with the
introduction of 0.198m*s * of underflow from Long Valley (Cell 1%) and a
corresponding decrease in recharge assigned to Jakes Valley (Cell 3%). Calibra-
tion was achieved by decreasing the SBRC of Cell 15 {Dry Lake Valley) by 2%
and permitting flow from Cell 7% (White River Valley) tu Cvll 14% (Pahroc
Valley).

Despite the differcnces among the scenarios. certain =

es exist.
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Difference
(% D)

G5
21
0.0
1.2
1.5
-14
-01
-0.7
-20
.0
—-0.2
0.4
—~14

Calculated
(% I
—126.0
—124.0
~1244
—-1185
—1224
—-113.0
-117.8
—116.8
—1074
~107.1
.—109.3
- 102.0
— 1924
-107.7
-97.0
- 870
—-87.2
-89.0
- 1075
—100.9
—594

Secenario 3
Observed
(%o 6D)
—115.0
—124.5
—113.0
-119.0
—1183
—106.0
-107.0
—110.0
- —100.0
hat -
~108.0
-~ 950
-870
—108.0
—98.0

—1i00.5

2.2
0.4
0.6
- 1.9
-15
1.4
24
1.4

—-21
1.0

-0.8
1.5

Difference
-13
-05

%o 3D)

Calculated
(%o 49
~124.0
—-124.0
—116.8
—119.6
—113.6
-107.9
—109.0
~ 1088
—102.0
—-102.0
1070
—97.1
-87.0
—88.8
~89.0
—106.5
-101.8
-97.1
-95.3
—98.8

.0

Scenario 2
Observed
(% 5D)
-119.0
—120.0
—-113.0
- 106.0
—1075
—110.0
—100.0
—108.0
—95.0
—88.0
—108.0
-100.5
—48.0

0.6
1.3
18

-14
0.5
0.8

-20
0.4

-10
0.6

-03

Difference
2.5

(%0 D)
S0
—06
-13

i (%oD). L

Calculated
—1130
—~117.7
—116.7
1074
~107.0
21076,
—B87.1"
~87.6
—89.0
—107.4
~ 1008
~993
‘Observed.

:alc_u]a}:ed deﬁteriuﬁl values

‘enario 1
Observed
" (% 8D)
~118.0 -
—124.6
~113.0
- 119,0
-1183
—106.0
- 107.5 -
. =1100
1= 1000
-108.0
-950
—81.0
- 108.0
=980

—100.5

'Diﬁ'e_renc_e = calculated,

TABLE 8
Observed an
Cell no.
10

i1

12

13

14

15

18

17
-18

19

20

21

22

23
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TABLE 7

Parameter ranges for the carbonate system

Parameter Scenario 1 Scenarie 2 Seenario 3
Recharge rates 1.487 1.937 1.682
(m*s™)

Storage volumes £90.5 690.5 T52.1
10°m%)

Menn ages (years) 2700--25 000 4300--34 500 1800--24 BOQ
TABLE 8

Parameter ranges for the alluvial system

Parameter Scenario 1 Scenario £ Scenario 3 '
Recharge rates 2.563 2.367
(m®s™1)

Storage volumes A17.Y 517.9 5178

(10° m®)

Mean ages (years) 1600-19 200 1600 -19 200

Regardless of the scenarip, calibr sion of ground
“water outside-the WRFS.from-Pahranagat, Valley: (2) an increase in.recharge
‘ from the Sheep Range: (3) the introduction o underflow from Lower Meadow
Valley into Upper M z increased rge from the
‘Sheep Range, just west of Coyule Spring Valley, is supporiud Ly @ water budget
of Las Vegas Valley by Harrill (1979), who estimated that 0.078 m®s~! of
recharge from the Sheep Range fows to Las Vegas Valluy. leaving the
remaining estimated 0.364 m”s "' of recharge available to Covole Spring Valley
and Desert Valley, which is just west of the Sheep Range. The attribution of
underfiow from Lower Meadow Valley into Upper Moapa Valley is based upon
reconnaissance work by Rush (1964), who estimated that 0.313m®s™ ' is
discharged from Lower Meadow Valley as underflow. Finally, it is feasible that
a certain: percentage of ground water entering Upper Moapa Valley is not
discharged at Muddy River Springs but subsequently flows into Moapa Valley.

required: (1) the di

m.magamm ERm

System boundary recharge volumes (recharge rates) on a cell-by-cell basis
were given in Table 2. Table 3 listed recharge rates on a valley-by-vallay
(hydrographic basin} basis and Tables 7 and § summarized recharge rates to the
carbonate and alluvial aquifers, respectively,

The data in Table 3 indicate that whereas the valley-by-valley recharge rates
may differ greatly, the total recharge rates are virtually the same. This holds
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. carbonate system recharge. However, these estimates should be viewed as first

S Mesdowsis'd gro

R and is undoubtedly linked to at Hmm”mw_ one other regional carbonate flow system,
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regardiess of whether comparisons are made among the various DSC model
scenarios ot between the DSC model estimates and the water-budget
approaches of Bakin (1966) and Rush (1964). Among the scenarios, significant
differences can be found in Dry Lake and Lower Meadow Valleys. Scenarios 1
and 3, virtually identical except for the inclusion of Long Valley in Scenario
3, yield identical recharge rates to the aforementioned valleys; the Scenario 2
recharge rate is 33% lower in Dry Lake Valley and ~78% greater in Lowe
Meadow Valley. When compared with the water-budpét figures, the DSC model
estimates are > 90% sreater in Coyofe Spring Valley; this increase is the result.

e et pahrA L Pl S

"ol "increased recharge from the Sheep Range. Scenario 1 and 3 recharge

B agedetieg i e T R e D

estimates for Lower Meadow Valley. are also significantly lower than either nrm, :

Rush (1964) of the Scenario 2 estimate, which were identical. i

- Unlike the water-budget approach ,ow\\mw.mwi and Rush, the DSC model is
capable of distinguishing between rechdrge to the alluvial system and that to

the carbonate system, The disadvantage to.this is that, given the current state ~
of knowledge; it-is virtuajly impossible to verify these numbers, especially -

approximations;- which can serve as starting points for more sophisticated
models or planning purposes. .

£ S..»Q\%.Qu.r_wmumnﬁ NO

it

e underflow

S

" Eakin's (1966) original conc
. substirtace 6w OHiLIdE RS Aoy
+ BYRtIBH S4CH scenario required t
Valley "along "thé Pahrana :
0172057 in‘thig manner, whereas 566 2
FEEWIHD gradAnd Frisdman (1072} by pothesizet
at-Ash-~Mea 3 ' A

model, of the WRES. did i

stem houndaries: However, 4
n':of flow w

P

terdise ‘WRFS located néar the
Nevada-California border ~ 160 km west of the WRFS terminus. It is the major
discharge area: for ‘another regional’carbonate fow’ system underlying and |
extending beyond the Nevada Test Site: Although the DSC underflow estimates
are lower than that'of Winograd and Friedsian, they nevertheless provide
additional evidence that the WRFS isniot completely closed in the subsurface

. Storage mmai&m.@ ‘

oliineé is‘the volume of water contained within the bounid s of
that cell; Tndividial cell volumes were shown in Table 1, and estimates of the
total amount of water in storage can be obtained by simply summing cell -
volumes. Tables 1, 7 and 8 showed thesé totals. The water storage figures for the
carbonate system are the only known estimates for the WRFS and cannot be °

verified at this juncture. However, they do represent starting points for water

""The cell”

Life
Ea
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resource planners who, before this, had little notion of the amount of water
stored in the carbonate portion of the White River system,

Mean ages and age distributions

_\ﬁwr«zv . .

A . P 3 DI ol welic v rae late e

v L One of e ady ses of wsing D50 medels witn vacer data is that once
calibrated, the modeis will yield the mean ages of the water in the various

regions (cells) of the system. This feature allows us to ohlain water ages using
stable tracers. Mean ages for Scenarios 1, 2 and 3 were previously shown in
Figs. 4, 5, and 6, respectively; mean age ranges were given in Tables 7 and 8.

The groundwater mean ages shown in Figs. 4,5 and 6 and Tables 7 and 8 are

more useful than the decay ages that we might obtain from an environmental
radioisotope such as “C, but they provide incomplete information in that
nothing is learned about the median ages or the age distributions from which
the means are derived. Some knowledge of the median ages, which are not
necessarily equal to the corresponding mean ages, and the entire distribution
of ages would be preferable to information on the mean ages alone. The entire
age distribution could provide information on mixing and some indication of
the age of the ‘oldest’ waters in aparticular cell or aquifer region. Fortunately,
DSC models can be used to produce age distributions and cumulative age
distributions {Campana, 1987), so that we do not have to rely upon mean or
median ages alone. If we had to rely on a single ‘age’, the median age is
arguably more appropriate than the mean age, as, by definition, half the water
in a given region is older than the median and half is younger, The mean age
alone cannot provide such a breakdown, ;
As an illustrative example, the DSC eumulative age distribution function
F(N') was calculated for selected cells of Scenario 1, Three carbonate cells (2*;
- 10%, and 21*, representing Jakes, Coal/Garden, and Delamar Valleys, respee-
tively) and three alluvial cells (1, 7, and 16, representing Jakes, a portion of
White River, and Delamar Valleys, respectively) were selected as’ they
represent cells in the upper (I and 2*), middle (7 and 10%), and Iower portions
(16 and 21*) of the WRFS. Figures 10~15 show the cumulative age distribution
function F() for each cell. The mean age and median age, the age of the watey
at F(N) = 0.5, are shown on each graph. The striking differences hetween the
mean and median ages are readily apparent. Greundwaters in excess of 100000
years old are indicated in some of the regions, mainly the alluvial (Cell 16) and
carbonate aquifers (Cell 21*) beneath Delamar Valley, Even in Cell 10* the
carbonate aquifer beneath Coal/Garden Valleys, the oldest ground water
approaches 100000 years old, although & higher percentage of the Delamar
Valley ground waters are older than 100 000 years old. Jakes Valley (Cells 1 and
2*), at the very top of the flow system, naturally possesses the youngest waters,
although a small percentage of the waters approach 15000 years old in each
cell. This detailed age information could not have been obtained from the mean
or the median, either alone or together.
The shape of the F(N) curve gives a qualitative indication of mixing in 4




DEUTERIUM-CALIBRATED GROUNDWATER FLOW MODEL

CREAN = 2,000 YEARS
HEDLAN =.3,500 YEARS ..
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Cell 7 = Ailluvial

HEAN = 9,100 YEARS
03- BEDIAK = 19,000 YEARS
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Cumulative age distribution for Cell.1, Scenario 1.

Cumulative age distribution for Cell 7, Scenario 1.

Q.7+ .
HEAN = 2,700 YEARS

0.6- . HEDIAN = 5,500 YRS

© Cell 2 - Garbonate
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Age {1,000 years)
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Cell 10 - Carbonate

0.5 -
0.8 -

0.7 -

0.6~
MEAN - 12,900 YEARS

0.5+ HEDIAN = 27,000 YEARS

G.J3-

0.2
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Age {1,000 years)

Fig. 11. Cumulative age distribution for Cell 2, Scenario 1.

Fig. 18. Cumulative age distribution for Cell 10, Scenario 1.
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Cell 16: =+Alluvial - -

0.9-
0.8~ ey
0.7-

0.6~
HEAN = 18,200 YEARS ,”
o3 HEDLAN = 33,000 YEARS' |

FN)
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1
s -2 3 4 5 &5 7 & 781w owmo12
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Fig. 14. Cumulative age distribution for Cell 16, Seenario 1.

Cell 21 — Carbonate

KEAN = 25.000 YEARS

o8- HEDLAN = 52,00 YEARS

F{N)

0.4 -

0.3+

0.2-

Age (10,000 years)

Fig. 15. Cumulative age distribution for Cell 21, Scenario 1.
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s

given cell. A curve with a greater ‘spread about the median age indicates a
higher degree of mixing than does one without as much ‘*spread’. The ground
waters of Jakes Valley, at the top of the flow system, are the least well-mixed
of the examples given, as they have had no opportunity to mix with other
waters. As we move down the system, the ground waters in a given cell become
better mixed as waters from different sources and of diverse ages commingle.

- The ages ailuded to above do not indicate the ‘age’ of the system; when we
determine that a few per cent of the ground water beneath Delamar Valley are
> 100000 years old, we simply mean that this percentage of the water was
recharged ~ 100000 years ago. The flow system may have been ‘operating’ for
millions of years. These age calculations, determined under steady conditions,
might lead one to assume that the system has been in a steady-state mode for
100000 years or so, an assumption that is very probably untrue. Climatic
changes have occurred in the past 100000 years in eastern Nevada, no deubt
affecting rect aveas and e S pround-
water reservolnr “ioow that ha R TR T N . Although
the DSC model age distribution functiens are not well defined for transient
conditions, we can nevertheless attempt to construct  model of the WREFS,
using transient inputs in an attempt to see if we can discern what recharge
rates existed tens of thousands of years ago. Such attempts are now being
considered.

T SLOrAge o

1

CONGLUBIONS

Three DSC models, each addressing slightly different conceptual models of
the WRES, were con cted and calibrated. Although dilTerences exist among
the three scenarios, their gross characteristics are similar. The major incon-
sistency is Long Valiey and whether or not it belongs in the flow system. The
model can be calibrated with it (Scenario 3) or without it (Scenarios 1 and 2},
so the Long Valley dilemma is unresolved. Certain consistencies exist, and an
examination of these results in the following conclusions: :

(1) with the exception of the White River Valiey itself, flow is generally

downward from th

;E,.\..H”.m.m_;mns%mw. to the underlying carbonate aguifer;

"% underfiow with an average value of 0163 m%s "' flows west from the
ahranagat Valley along the Pahranagat Shear Zone;

(8) Lower Meadow Valley is part of the WIFS and contnbutes underflow to
Upper Moapa Valley;

{4) recharge from the Sheep Range to Coyote Spring Valley is at least 90%
greater than that specified by Ezkin (1966):

(5) recharge Lo the alluvial system is groater thas
system;

(6) more ie stored in the earbonate =
752.1 = 18°m*) than in the alluvial system (517.8 x 1U"m”);

{7) groundwater mean ages range from 1600 to 26 000 years in the alluvial
system and from 2700 to 34000 years in the carbonate system;

i+ to the carbonate

6905 = 10%mé-
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(8) the oldest ground waters in each system are older than 100000 years;

(9} the stable isotope deuterium can be used to calibrate simple groundwater
flow models and provide groundwater ages;

(10) DSC models are capable of providing more detailed groundwater age
information {(means, medians and the entire age distribution) than other
models,

Drawbacks do exist. For example, as none of the scenarios account for
transience in either recharge rates or their deuterium signatures, these
quantities represent long-term averages. Both long-term and short-term
variations in each of these quantities have occurred. The effects of these
variations on model calibration and results are now under investigation.
Another questionable aspect involves the use.of high-elevation springs to
determine the deuterium signatures of recHarge, Ideally, these signatures
should be determined with time series data on deuterium but expense and site
access difficulty precluded this. The problem of recharge deuterium signatures
may be surmounted by sampling trees at suspected high-elevation recharge
sites.

Despite the uncertainties inherent in a model of this type, the DSC model
does provide first approximations to information-that. would be difficult or
impossible to obtain otherwise. Some caution must be exercised in using this
information, because as for other numerical models, the answers are non-
urtique. Discrete-state compartment models are perhaps more unconstrained
than are other numerical models, so even greater caution must be exercised in
using DSC model results. However, their greatest use perhaps lies in their
application to sparse-data systems and their ability to test a number of different
hypotheses, provide ranges in parameter estimates, guide the collection of
additional data and serve as precursors for the development of more sophis-
ticated models,
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Short note

RELIABILITY BASED TIME AXES FOR FLOOD DATA
PRESENTATION

W.E. BARDSLEY
Department of Earth Stiences, University of Waikato, Hamilion (New Zealand)
(Received and accepted for publication November 15, 1989)

It is standard for a major structure in a river environment to have some
predetermined N-year operational lifetime, The design requirement is then to
build in such a way that there is a sufficiently high probability R that the
largest flood event in N vears will not cause major damage or destruction. The
probability & here represents the reliability of the structure with respect to its
intended lifetime {Mays, 1987, p. 229).

It is well known that designing against the Nyear return period magritude
is not consistent with a high reliability for an N-year lifetime. Specifically,
designing against the N-year event will generate a reliability not exceeding
R = (.37 (assuming stationarity). Design magnitudes are therefore usually set
so that the return period concerned is considerably longer than the intended
operational lifetime of the structure.

Apart from the obvious practical problem of extrapolation, the use of long
return periods in design work raises questions with respect to both validity and
perception. First, il is questionable to speak of designing against (say) the 500
year event’ because this implies a very long period of hydrological stability
{Klemeg, 1988). Secondly, in the public perception at least, a long return period
tends to be equated with a much higher level of reliability than is actually the
case.

There is no obvious way to avoid the problems of extrapolation in designing
against extreme events, but the other aspects could be considerably improved
by the adoption of time axes based on reliability rather than return periods.
That s, a time axis is constructed based on some specified reliability R.
Reading up the graph from N years on this axis will yield an estimate of the
discharge magnitude which has a probability 2 of non-exceedance in N years.
Regardless of the value of R, there is no necessity to extend the time-scale
beyond the intended operational lifetime of the structure conceraed.

It will sometimes be useful te have two relability based time axes on a given
flood plot. The first axis can be used W obtain estimates of those high How



